Abstract-This paper presents a novel digital control strategy for the islanding mode operation of a power electronics-based energy management system (EMS). Thanks to the use of a highperformance repetitive controller combined with active damping, the EMS is capable of supplying a high-quality sinusoidal voltage to critical loads when the ac grid is not available. The proposed control scheme is analyzed and implemented in a field-programmable gate array-based control platform; it achieves a very low output voltage total harmonic distortion and holds a large stability margin for a wide range of load conditions. Analysis and simulations demonstrate the superiority of the proposed controller versus open-loop control. Laboratory experiments with linear and nonlinear loads validate the model used for the simulations that demonstrate the excellent performance of the new control strategy.
I. INTRODUCTION

M
ICROGRIDS have recently been the focus of many research projects due to their promising ability to manage distributed resources and to improve energy security. Power electronics-based energy management concepts have been recently reported for ac or dc microgrid applications. Research includes power quality solutions [1] , stability issues [2] , and renewable generation interfaces [3] - [5] . Most of them have focused on the energy management of the microgrids including several distributed resources and dealt with three-phase systems. More recently, authors in [6] - [8] presented single-phase A. L. Julian is a Consultant in Seaside, CA, USA (e-mail:, alexander.julian@ieee.org).
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inverters for grid interface in both grid connected and islanding or stand-alone mode of operation. A novel power electronics-based energy management system (EMS) with battery storage was proposed in [9] to achieve three main goals: first, make electric power available to critical loads at all times with or without main grid service available; second, reduce peak power consumption to lower electricity costs; and third, store energy produced by distributed generation units or during the time in which electricity from the grid is less expensive. In spite of the aforementioned innovative features, this EMS solution has some limitations in islanding mode operation, mainly due to the open-loop control algorithm implemented.
This paper focuses on an intensive study of the islanding mode control of the EMS proposed in [9] . A novel digital repetitive control strategy combined with active damping is proposed to improve the steady-state and transient output voltage regulation of the EMS compared to the open-loop pulsewidth modulation (PWM) controller used in [9] . In particular, the output voltage total harmonic distortion (THD), when the EMS services nonlinear loads, can be quite large if open-loop PWM is used. The goal of the proposed controller is to create an output voltage with low THD. In this paper, the proposed control scheme is thoroughly analyzed and it is also entirely implemented in a field-programmable gate array (FPGA)-based control platform; it achieves a very low voltage THD and holds a large stability margin for a wide range of load condition.
Repetitive controllers (RCs) have been previously proposed for stand-alone single-phase and three-phase inverters to improve the power quality of their output voltage [10] - [15] ; however, the novelty of the controller proposed in this paper lays in the use of open-loop PWM and the addition of active damping in combination with the RC. Although the extensive work published by Zhou et al. in the past ten years [12] - [14] covers several variations of RC applied to single-phase inverters, active damping of resonance was not specifically included. The most recent publication on RC in single-phase inverters for islanded microgrid utilizes RC and addresses some resonance damping; however, the stability of the system is guaranteed only for a restricted range of parameters [15] . Furthermore, the controller is based on state-space modeling and is quite complex. Another recent publication addresses grid-connected inverters with LCL filters and focuses on active damping of the filter resonance [20] , Fig. 1 . EMS architecture [9] . but both converter topology and controller differ from those presented in this paper.
The work presented in this paper differs from previous literature because it presents an RC controller with active damping that has never been previously applied to a single-phase, fullbridge, voltage-source inverter operation in islanding mode. The combination of open-loop PWM, RC, and active damping suppresses the higher order harmonics in addition to the lower order ones, thus resulting in THD lower than 1%. Additionally, the controller ensures a large stability margin and excellent transient response.
This paper is organized into seven sections. Following the introduction, Section II presents the architecture and functionality of the EMS. In Section III, the control system for the EMS is presented, analyzed, and its stability is demonstrated. In addition to the overall control architecture, the specific power electronics controllers are presented for the different modes of operation of the EMS. Laboratory hardware setup and experimental validation of the EMS functionality are presented in Sections IV and V, respectively. Section VI presents the simulation results obtained with a physics-based model of the EMS which was validated by experimental measurements. The simulated plots demonstrate the novelty and functionality of the proposed EMS control system for islanding mode of operation. The conclusions are presented in Section VII. Fig. 1 shows the EMS architecture from [9] . A three-phase insulated-gate bipolar transistor (IGBT) power module is controlled to achieve buck and boost power flow from one leg of the module. The other two legs of the IGBT module can be used for solar power and a second battery string. Two single-leg IGBT modules comprise the single-phase voltage-source inverter. The H-bridge inverter is connected to an output LC filter to produce a sinusoidal voltage for the ac load side.
II. EMS ARCHITECTURE AND FUNCTIONALITY
A battery pack is connected to one buck-boost leg to accomplish bidirectional power flow to/from a battery. Critical loads are connected directly to the ac voltage v ems because they must be powered at all times. Noncritical loads are connected in parallel to the ac voltage, but can be shed when necessary using a thyristor switch. The ac grid can also be disconnected if needed to island the operation of the EMS. Typically islanding mode occurs when the ac grid fails. In this mode of operation, power to critical loads is guaranteed by drawing energy from the battery pack. The dc-link voltage v dc , the EMS output voltage v ems , EMS output current i ems , and source current i source are monitored by measurement instruments for control and protection purposes. In this paper, the islanding mode operation of the EMS is analyzed and a new control strategy is proposed to significantly improve the EMS performance compared to the results presented in [9] .
III. EMS CONTROL SYSTEM IN ISLANDING MODE-DESIGN AND ANALYSIS
In [9] , the H-bridge inverter portion of the EMS featured an open-loop voltage controller for islanding mode of operation. In this section, the new controller is presented, analyzed to demonstrate stability, and its superior performance is compared to the open-loop control.
A. Islanding Mode Equivalent Circuit
In order to provide power to critical loads when the ac grid fails, the EMS detects grid failure and acts as a voltage source for the critical loads. Depending on the state of charge of the batteries, the noncritical loads can be shed or connected by controlling the thyristor switch. Assuming the dc-link voltage is reasonably constant and considering a linear load condition, an equivalent circuit representing the islanding mode is shown in Fig. 2 , where L is the lumped circuit inductance (including transformer leakage when present), R esr is the equivalent series resistance of the circuit, C is the output filter capacitance, and R load represents a simple converter load. Accordingly, the target plant of the control system can be expressed as in (1) and is used for the stability analysis, where the coefficients of the denominator are represented by α, β, and χ
B. Repetitive Control Strategy
Recently, repetitive control has been widely considered in modern industrial applications as a promising solution for feedback systems that are subject to periodic reference inputs or periodic disturbances [10] - [22] . Based on the internal model principle [23] , the RC processes the error signal of the previous period and applies the resultant signal to improve the control performance of the current cycle. Theoretically, with a suitably designed RC, the output of a stable feedback system can track the periodic reference signal or/and reject the exogenous periodic disturbance with zero steady-state error even in the presence of model uncertainties.
In this work, a direct repetitive control-based control strategy is considered for the output voltage regulation of the EMS islanding operation. Fig. 3 illustrates the basic structure of the RC controller. The parameters r, e, d, y, and G P represent the periodic reference, the error signal, the disturbance, the system output, and the plant, respectively. The variable k RC is the repetitive learning gain, z -N is the delay line, Q(z) is the robustness filter, and G f (z) is the stability filter. The ratio between the period time of the reference and the digital sampling rate is N.
With the aim of combining stability with very high-quality output voltage control for this particular application, an active damping filter and a feedforward term are introduced into the direct RC scheme. The complete control system will be presented in detail in the following section.
C. Complete Control System With RC, Active Damping and Feedforward Components
The complete control system is pictured in Fig. 4 . The RC and the active damping H(z) are included as well as a feedforward term at the bottom of the summing block. The combination of these three component results in a novel and effective control system which combines stability with very high-quality output voltage.
Active damping is implemented with a high-pass filter H(z) on the EMS voltage. The s-domain transfer function is transformed to the z domain using the bilinear z transform. The high-pass filter feeds back a signal that leads the voltage by almost 90°near the resonant frequency of the LC filter. The transfer function in the s domain and discrete domain is expressed as follows: 
Owing to its inherent delay chain, the direct type RC always has a null output, which implies an empty control cycle when it is first enabled. The use of the feedforward term is to overcome this issue. The value is chosen to be 0.0049, so that when the RC controller is turned on the initial output voltage is not zero but instead it starts at 110 Vrms. The value 0.0049 is computed for the modulation index 0.77 (77% of 200 Vdc on the dc bus) using the equation 0.77/(110· √ 2). The effect of the robustness filter Q(z) is to modify the internal model, which effectively increases the system stability margin of the RC controller. It has been observed for this specific application that implementing Q(z) as a close-to-unity constant of 0.998, in series with a low-pass filter, is effective. The system sampling rate N is 290 times the fundamental frequency which is 17.4 kHz. The transfer function for the robustness filter Q(z) is
where ω = 2π4000 and Δt = 1/17.4 kHz. The 4 kHz is used as the filter frequency so that noise due to modulation did not degrade the RC control performance. As a low-pass filter, the gain of the robustness filter Q(z) is less than unity, and thus the RC controller will not feedback 100% of its output. For this work, the stability filter G f (z) is chosen to be a time advance unit of z 5 , in series with Q(z). It worth to point out that there is no causality problem for the implementation of this filter, because it is in cascade with the N periods delay element and N is far greater than the order of the time advance unit, i.e., z -290 versus z 5 . The repetitive learning gain k RC needs to be selected based on a tradeoff between the desire of fast error decaying speed and noise immunity against system uncertainties which are not included in system modeling. k RC and G f (z) are coupled and are also correlated with the selection of Q(z). It is chosen to be 0.0075, value which is designed based on the control system stability analysis discussed in next section.
The plant-labeled G p is transformed to the z domain
Using z transform, the transfer function in the discrete domain is expressed as in (5) shown at the bottom of the page, which includes a zero order hold. The load resistor R load is varied and the stability and closed-loop transfer function gain is investigated in the next section. The key circuit parameters and control design results of the EMS are provided in Table I , (5) shown at the bottom of this page.
D. Control System Stability Analysis
Owing to the combinational effect of the direct repetitive control, active damping and feedforward regulation, the proposed control strategy is capable of achieving a very low voltage THD as well as holding a large stability margin for a wide range of load conditions. The closed-loop system stability can be examined as follows.
First, since the feedforward term is scaled from the voltage reference which is a periodic signal, its influence on the system stability can be neglected. This is due to the inherent internal model introduced by the RC controller. As discussed in [20] , periodic reference and/or disturbance signals can be tracked and/or rejected with zero steady state, for a stable RC control loop.
The active damping component is used to reduce the amplification effects of the plant at the high-frequency band, and thus to ensure that the filter does not oscillate when the loading on the EMS is light. After introducing the active damping component, the open-loop system is entirely stable for the whole range of load condition. The detailed design discussion and its impact will be presented in the following section.
Since the stability of the above two parts has been guaranteed, the remaining task is to prove the stability of the RC part. According to the small gain theorem [20] , two sufficient stability conditions for the proposed RC part can be summarized as follows: (1) the plant control system (i.e., with the active damping part only) is inherently stable and 2) equation (6) is guaranteed for all the frequencies below the Nyquist frequency ω nyq , where G P RC is the equivalent plant seen by the RC controller, as expressed as follows: The first condition can be guaranteed, as the active damping part has been properly designed. The second one can be proved by examining the Nyquist locus curve of (6). The stability filter G f (z) and repetitive gain k rc have been selected in couple, in order to ensure (6) is always guaranteed for the whole operating range of the VSI inverter system. Fig. 5 presents the Nyquist locus curves of (6) with G f (z) implemented under 5 W (red curve), 100 W (black curve), and 9 kW (green curve) linear load conditions, respectively. Clearly, for the considered wide load range, the magnitude of (6) stays always within in the unitary circle, which proves that the overall control system is adequately stable.
E. Impact of the Active Damping on the Frequency Response of the New Control System
In this section, the impact of the active damping component is shown by comparing the gain Bode plots of the controller transfer function under different scenarios. Fig. 6 displays the gain transfer function (6) versus frequency when the active damping gain is reduced to 70% and the load is light, when the active damping gain is reduced to 70% and the load is heavy, and when the active damping gain is 100% and the load is light.
Notice that the transfer function gain is boosted to nearly unity at the frequency multiples of 60 Hz. This behavior is due Fig. 6 . Gain transfer function (7) versus frequency (top: active damping gain at 70%, R load = 50 Ω; mid: active damping gain at 70%, R load = 10 Ω; bottom: active damping gain at 100%, R load = 50 Ω).
to the RC portion of the proposed control system. It reduces the error at 60 Hz and also rejects the harmonics of 60 Hz that would be present in the EMS output voltage. To these authors' knowledge, this RC signature has never been reported in the literature before and it is a valuable result of the analysis presented in this paper.
Another observation from the top plot in Fig. 6 is that the output will oscillate from small input disturbances near the resonant frequency of the LC filter, which is near 1.5 kHz. These filter oscillations are undesirable and must be suppressed. The middle plot in Fig. 6 shows that the filter oscillations will be damped when the load resistance is reduced (i.e., at increased load) and naturally damps the filter oscillations. However, the oscillations can also be reduced by increasing the active damping gain, as shown in the bottom plot in Fig. 6 , where the load is back to 50 Ω. The filter oscillations can be reduced by adding active damping H(z) to the controller, which is implemented by increasing the active damping gain to 100% in the bottom plot. The active damping component ensures that the filter does not oscillate when the loading on the EMS is light. Fig. 7 presents the EMS hardware block diagram, and the laboratory prototype is shown in Fig. 8 . It consists of a FPGA development board [24] with input/output (I/O) ports, a three-phase IGBT power module, two single-leg IGBT power modules, a power supply, voltage/current sensors, analog/digital (A/D) converters, transistor-transistor logic interface, and a universal serial bus (USB) interface to communicate with a personal computer (PC). A Joint Test Action Group (JTAG or IEEE Standard 1149.1) programming cable interfaces the FPGA development board to a PC and is used to program the FPGA. Simulink is used for software development, while Xilinx system generator software [25] is employed to compile the Simulink model to create VHDL code. Two printed circuit boards (PCB), mounted above and below the FPGA development board, are utilized to achieve the interface functionality. The bottom one contains semiconductor power modules, current and voltage transducers, passive components and dc power supply. For the EMS presented in this paper, two IGBT legs are used in a single-phase H-bridge inerter configuration, while the three-phase IGBT module is used to interface with the battery pack and two other dc sources. The top PCB includes a USB interface chip, USB connector to interface with the PC, A/D converters, voltage level shifters, and several other connectors to interface with the other boards.
IV. EMS HARDWARE IMPLEMENTATION
V. EXPERIMENTAL MEASUREMENTS
The circuit shown in Fig. 9 depicts the laboratory setup which includes the EMS, as depicted in Fig. 1 , feeding linear and nonlinear loads. 
A. Steady-State Performance in the Islanding Mode of Operation
In this section, the experimental waveforms acquired during the steady-state operation of the EMS, i.e., the EMS output voltage V ems and load current i load are presented to demonstrate the improved performance of the EMS with the proposed controller compared to the open-loop PWM previously implemented in islanding mode [9] .
The performance of the system is evaluated when 1) openloop PWM is used; 2) the RC controller is added to a feedforward term; and 3) the complete controller, including active damping is implemented. Fig. 10 contrasts the output voltage spectra for three cases as follows: 1) open-loop PWM; 2) RC and feedforward; and 3) complete controller with active damping. The bottom spectrum v emsRCdamped shows that the addition of active damping is only making a small difference in this experiment because a large load condition is being tested, which cause passive damping. The v emsRC spectrum demonstrates that the RC controller does a good job reducing the harmonics of 60 Hz, especially 5th, 7th, and 11th, and also the 60-Hz error. The THD for openloop PWM is 2.29%. The THD when the RC control is added is 0.923%. The THD when RC control and active damping are added is 0.55%. The impact of the active damping is more significant when a smaller load condition is tested, which is demonstrated by simulations in Section VI. Fig. 11 shows the EMS voltages and currents measured in the laboratory prototype and used for the spectrum analysis given in Fig. 10 . The diode rectifier load causes a noticeable distortion in the EMS current and in the current, as shown in the top waveforms obtained with open-loop PWM. The second and third sets of waveforms demonstrate improved voltage and are very similar, since the active damping has only a small influence due to existing passive damping in the load.
Figs. 12 and 13 show the data that were measured by the FPGA controller and exported from the controller using an embedded logic analyzer. The scenario with open-loop PWM is presented in Fig. 12 where the voltage error is quite large. The voltage error is drastically reduced at 60 Hz and the harmonics of 60 Hz by adding the RC controller and the active damping as shown in Fig. 13 in contrast to Fig. 12 . 
B. Transient Response: From Grid Connected to Islanding Mode
The transient response of the control system is verified by the experiment shown in Fig. 14 . The transition from grid connected to islanding mode is shown at the time t = 0. The transition shown occurs when the dc bus is precharged, because the EMS is on before the grid goes offline. If the dc bus is not precharged to 200 V, then the EMS voltage takes longer to get to steady state. These experimental waveforms demonstrate the instantaneous response of the proposed control system. At the instant in which the EMS takes the microgrid into islanding mode, the transient response is excellent. This is due to the feedforward component of the control system.
VI. SIMULATION RESULTS
A. Steady-State Performance With Heavy and Light Load, Linear, and Nonlinear
A physics-based model of the EMS, presented in Fig. 1 , was implemented using the Simulink/MATLAB software to further demonstrate the performance of the RC+ active damping control. The model was set up to replicate the laboratory experiment, as shown in the circuit schematic of Fig. 9 . A benchmark simulation was created with all the circuit parameters matching those used in the experimental setup, including the 60-Ω passive load and the 400-Ω load attached to the diode rectifier. The simulated waveforms are shown in Figs. 15 and 16 . Comparing these plots to the experimental measurements in Figs. 11 and 10, we observe that the harmonics of the fundamental are lower in simulations for open-loop PWM. This is because higher order effects such as blanking time are neglected in the physics-based model. Also, a larger 1.5-kHz harmonic component is noticeable in the simulation, while in the laboratory prototype additional passive damping exists to dampen this oscillation. Keeping in mind these differences, the model can be considered a good representation of the laboratory prototype, therefore valid to investigate the functionality of the proposed controller. In particular, we want to analyze the impact of active damping when a lighter load is used. Note that from Fig. 16 the THD was computed with the following results. 1) THD = 0.9800% with PWM control.
2) THD = 0.4819% with RC + active damping. The simulation plots in Figs. 17 and 18 were obtained with a 600-Ω passive load and the 100-Ω load attached to the diode rectifier. This means that the passive load is ten times larger than the benchmark and the rectifier load is four times smaller in order to study a case where resonance is not naturally suppressed by the load. With this much lighter load and no damping, resonance occurs at high frequency. The plots in Figs. 17 and 18 demonstrate that, without active damping, the RC is not able to suppress high-frequency oscillations when a light load is used. Note that the 60-Hz harmonics are reduced by the RC, compared to open-loop PWM; however, the resonance at 1.5 kHz is These results demonstrate that active damping is necessary to eliminate the 1.5-kHz resonance at light load.
B. Step Response
The step response of the EMS in islanding mode was simulated from light to heavy load and the resulting plots are shown in Figs. 21 and 22 . The step to the load happens at 0.287 s, as clearly visible in Fig. 21 , where the top current and voltages are 
VII. CONCLUSION
This paper proposes a novel digital repetitive control solution with feedforward and active damping for the islanding mode operation of an EMS. An active damping loop is included to reduce the higher frequency harmonics otherwise not addressed by a typical RC. The feedforward component is added to improve the transient response. With this novel control strategy, the EMS is capable of supplying a very low THD voltage to nonlinear loads and handling a wide range of load conditions. The analysis presented in this paper demonstrates that the controller is stable for a wide range of load resistance. Simulation results demonstrate the superiority of the proposed controller versus the open-loop PWM previously used for the EMS. The physics-based model used for the simulations was validated by experimental measurements on a laboratory prototype.
